Dear Editor,
Coxsackievirus A16 (CV A16) and enterovirus 71 (EV71) are currently the two primary causative agents of handfoot-and-mouth disease (HFMD) (Solomon et al., 2010; Mao et al., 2014) , threatening health of children worldwide. They both belong to the Enterovirus genus of the Picornaviridae family, and have single-stranded positivesense RNA genomes of about 7.5 kilobases (kb) in length. As with other positive-strand RNA viruses, the genome replication process of CV A16 is carried out by a membraneassociated replication complex with the virally encoded RNA-dependent RNA polymerase (RdRP) as the essential catalytic enzyme. Viral RdRPs are a family of nucleic acid polymerases and have unique features in their catalytic mechanisms. They adopt a human right hand global architecture shared by all single-subunit polymerases with palm, fingers, and thumb domains surrounding the active site, but have their finger tips interact with the thumb to make a unique encircled structure. This encirclement restricts the global motion of the RdRP fingers domain to some extent, and they indeed have evolved a palm-domain based conformational change to close the active site during each nucleotide addition cycle (NAC) (Gong and Peersen, 2010) , in drastic contrast to A-family polymerases such as Thermus aquaticus DNA polymerase and bacteriophage T7 RNA polymerase that close the active site through large-scale rotational movement of their fingers domain (Li et al., 1998; Yin and Steitz, 2004) . Although RdRP crystal structures were solved for several enteroviruses, structure of a CV A16 RdRP or its catalytic complex has not been reported. In this work, by solving the first crystal structure of the CV A16 RdRP (also known as 3D pol in picornaviruses) in the form of catalytic elongation complex (EC), we identified a rarely observed conformation in palm domain motif A. The finding enriches the current understandings of this important structural element in controlling viral RdRP catalysis, and further emphasizes the uniqueness of viral RdRPs when comparing to other classes of nucleic acid polymerases.
Using an approach that has been shown to be efficient in picornavirus RdRP EC assembly and crystallization (Gong et al., 2013) , we obtained single crystals of CV A16 RdRP EC following protocols described previously (Gong and Peersen, 2010; Shu and Gong, 2016) . To prepare protein samples for EC assembly, the CV A16 3D pol gene within the DNA clone of CA16/GD09/24 (GenBank entry: KC117317.1) was cloned into a pET26b-Ub vector (Gohara et al., 1999) . Protein expression, purification, and storage were carried out as described previously for EV71 RdRP (Shu and Gong, 2016) . The preparation of the RNA construct r2 ( Figure 1A) , and the EC assembly, purification, and storage were performed following the protocols in the EV71 study (Shu and Gong, 2016) . The CV A16 RdRP EC crystals were grown by sitting-drop vapor diffusion at 16 °C using a 7.0 mg/mL EC sample and a drop volume of 0.6-0.8 μL. Crystals grew in 3-7 days with a precipitant solution containing 1.7 mol/L NH 4 H 2 PO 4 , 0.08 mol/L tris (pH 8.5), and 10% (vol./vol.) glycerol. The EC crystals were harvested and transferred to the precipitant solution and were flashcooled and stored in liquid nitrogen. X-ray diffraction data collection was done at the Shanghai Synchrotron Radiation Facility (SSRF) beamline BL17U1 (temperature= 100 Kelvin, wavelength=0.9792 Å). Reflections were integrated, merged, and scaled using D*trek (Pflugrath, 1999) and the structure was solved by molecular replacement using the EC corresponding to chains A-D in the poliovirus (PV) polymerase EC structure (PDB entry: 3OL6) as the search model (Gong and Peersen, 2010) . The routine for manual model building, structure refinement, and generation of the 3,500-K composite simulatedannealing (SA) omit electron density map was carried out as previously described in the EV71 work (Shu and Gong, 2016) .
The CV A16 RdRP EC structure was determined at 2.5 Å resolution in space group P3 1 (Table 1) and there are two ECs observed in the crystallographic asymmetric unit. The two protein chains adopt highly consistent conformation with a root-mean-square deviation (RMSD) value of 0.2 Å for all superimposable α-carbon atoms. The global protein conformation is also consistent with that of the recently reported EV71 RdRP EC (PDB entry: 5F8G) (Shu and Gong, 2016) , with an RMSD value of 0.8 Å for all superimposable α-carbon atoms (100% coverage for both CV A16 RdRP chains). For each EC, at least 11 base pairs (bp) of RNA duplex were resolved upstream of the active site, while RNA downstream of position + 4 are largely disordered ( Figure 1A ). According to current understandings of the viral RdRP NAC, both ECs represent the NTP unbound state 1 in the cycle.
Surprisingly, the palm domain motif A in the CV A16 RdRP EC adopts an apparent different backbone conformation when compared to the EV71 and CV B3 RdRP state 1 "open" catalytic complexes ( Figure 1B, EV71_S1 and CV B3_S1) (Gong et al., 2013; Shu and Gong, 2016) . The CV A16 RdRP motif A backbone conformation around residue D233 is more consistent with that of the state 4 "closed" catalytic complex of the EV71 RdRP ( Figure 1B , EV71_S4). Note that this unusual motif A backbone conformation is probably not due to motif A sequence difference between RdRPs of CV A16 and related viruses, as the motif A residues 231-242 of the CV A16, CV B3, and EV71 RdRP EC structures are identical. Previously this unusual motif A backbone conformation was only observed under two situations. The first situation is when a viral RdRP is in the form of a catalytic complex and in the presence of a correct NTP substrate. The correct substrate induces the conformational switch of the motif A backbone to close the active site for catalysis, and such "closed" catalytic complexes have been captured either as the pre-catalysis state 3 complex (3BSO) (Zamyatkin et al., 2008) or as the post-catalysis state 4 complex (PDB entries: 3OL7, 3OL8, 5F8J, and 5F8M) (Gong and Peersen, 2010; Shu and Gong, 2016) . During NTP binding and catalysis, this conformational switch is likely initiated by the interactions between the NTP ribose hydroxyls, a conserved motif A aspartic acid (D238 in CV A16), and a conserved motif B serine (S289 in CV A16), establishing a defined hydrogen bonding network involving side chain rotamer changes of these conserved residues ( Figure 1B ). Following this rearrangement around the ribose hydroxyls, the other conserved aspartic acid (D233 in CV A16) moves toward the NTP substrate and a conserved motif C aspartic acid (D329 in CV A16) (Shu and Gong, 2016) . These two aspartic acid residues (D233 and D329 in CV A16) are universally conserved for nucleic acid polymerases and both coordinate the catalytic divalent metal ions (naturally being magnesium ions, a and b in Figure 1B ) during the phosphoryl transfer reaction. As documented in the PV study describing the RdRP active site closure (Gong and Peersen, 2010) , the "open" to "closed" conformational switch allows the formation of two additional β-type hydrogen bonds between motif C and motif A accompanied by a side chain rotamer change of residue F232, thus forming a complete 3-strand β-sheet ( Figure 1C) .
When the nucleic acid and NTP substrate are absent, the "apo" form of viral RdRP usually adopts the "open" conformation ( Figure 1 , D and E) with the placement of motif A backbone consistent with previously reported state 1 catalytic complexes. However, a couple of exceptions occurred when an ion or a ligand was bound to motif A. This is the second known situation in which the "closed" motif A backbone conformation is observed, in parallel to the situation of the "closed" catalytic complex. In the rabbit hemorrhagic disease virus (RHDV) RdRP crystal structures, a lutetium ion (Lu 3+ ) or two manganese ions (Mn 2+ ) bound to the motif A aspartic acid residue equivalent to CV A16 RdRP D233 induced a similar backbone conformational switch of motif A to reach the "closed" state ( Figure 1F , left) (Ng et al., 2002) . In the encephalomyocarditis virus (EMCV) RdRP crystal structure, a glutamine was bound to the C-terminal half of motif A (corresponding to the region around D238 in CV A16) and caused the N-terminal half of motif A (corresponding to the region around D233 in CV A16) to adopt the "closed" conformation ( Figure 1F , right) (Vives-Adrian et al., 2014). Moreover, partially "closed" motif A backbone conformations were observed in apo CV B3 RdRP bearing mutation in motif D known to undergo coordinated movement with motif A during active site closure (McDonald et al., 2016) . In the CV A16 EC structure, the "closed" conformation of motif A seems not to be caused by similar factors that are capable of inducing conformational changes. The only ion or ligand found near motif A is a magnesium ion (Mg 2+ ) bound to motif C residue D330 (the second D in the picornavirus RdRP YGDD signature sequence) in one of RdRP chains, and it does not have direct interaction with motif A.
All structural evidences to date, including the current work, emphasize the dynamic features of viral RdRP motif A. Note that motif A is structurally conserved in all single subunit polymerases, but its backbone conformational diversity related to the open and closed states has been found only in viral RdRPs. Other classes of polymerases have the "motif A-motif C" 3-strand β-sheet completely formed even in the absence of nucleic acids and NTP substrate, and their catalysis-related dynamic features are instead found within the fingers domain (Li et al., 1998; Yin and Steitz, 2004; Gong and Peersen, 2010) . Therefore, the dynamic nature of the viral RdRP motif A is a key to understanding how RdRP catalysis is unique compared to other nucleic acid polymerases. We have previously defined the formation of two interaction clusters during RdRP active site closure: the ribose cluster involves the C-terminal half of motif A (corresponding to the region around D238 in CV A16); the metal cluster includes the N-terminal half of motif A (corresponding to the region around D233 in CV A16) ( Figure 1B ) (Shu and Gong, 2016) . It is conceivable that the formation of the ribose cluster interactions precedes that of the metal cluster interactions upon NTP binding and active site closure, as the ribose cluster formation provides an ideal pre-chemistry fidelity checkpoint. In the time-resolved NTP soaking experiments in the EV71 RdRP EC structural study, the formation of the ribose cluster was indeed observed prior to the formation of the metal cluster (Shu and Gong, 2016) . The current work provides the evidence of the "closure" of viral RdRP motif A N-terminal half, independent of conformational changes in its C-terminal half and conformational-change -inducible NTP substrates, ions, and ligands. Collectively, the dynamics of N-and C-terminal regions of motif A may be relatively independent, and whether their conformational changes coordinate with each other or follow a particular sequence is likely dependent on but not limited to the presence of RNA and the aforementioned conformational-change-inducible factors in the vicinity of motif A. Table 1 . Structure superimpositions were carried out using the maximum likelihood superpositioning program THESEUS (Theobald and Wuttke, 2006) with the entire RdRP molecule (panels B, C, and D) or only the RdRP motif C (panels E and F) included in the alignment.
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